Decolorization of anthraquinone dye Reactive Blue 19 (RB19) with sulfate radicals generated in situ from persulfate and zero-valent iron (ZVI) was investigated. The effects of initial solution pH, initial concentration of RB19, ZVI and persulfate, reaction temperature and common dissolved anions were studied. 100% color removal efficiency and 54% TOC removal efficiency were achieved in 45 min with an initial RB19 concentration of 0.1 mM under typical conditions (pH 7.0, 0.8 g L À1 ZVI, 10 mM persulfate and 30 W C). The decolorization efficiency of RB19 increased with higher iron dosage, higher initial persulfate concentration, and higher reaction temperature. It is also an acid driven process.
INTRODUCTION
Dyes are extensively used in printing, textile and food industries. It is estimated that about 10-15% of unused dyes are discharged into the water environment during production and utilization (Jonstrup et al. ) . Most dyes used in the textile industry are reactive dyes including azo dyes and anthraquinone dyes. Recently, most studies focused on the decolorization of azo dyes because they constitute about 60% of reactive dyes, but fewer studies concerning anthraquinone dyes were reported (Epolito et al. ; Fanchiang & Tseng a) . In fact, anthraquinone dyes are more recalcitrant because of the special anthraquinone structure (Fanchiang & Tseng b) . Therefore, the removal of anthraquinone dyes is an important issue of wastewater treatment before discharge.
Several methods such as adsorption, coagulation and biodegradation have been investigated and developed for dye wastewater treatment (Li & Bishop ; Jonstrup et al. ) . But due to their limitations, these methods were not efficient to destructively degrade dyes.
Advanced oxidation processes (AOPs) have been proven to be effective technologies for the degradation of dyes in recent years (Chen et al. ; Fanchiang & Tseng b; Xu & Li ) . 
However, excess ferrous iron will consume the produced sulfate radicals. In addition, iron hydroxide may be produced even at neutral pH, which leads to low oxidation efficiency. As an alternative, zero-valent iron (ZVI) can be used as a releasing source of ferrous iron through the corrosion by persulfate (Liang et al. ) :
Meanwhile, ferrous iron can also be rapidly regenerated at the ZVI surface (Bremner et al. ) :
Ferrous iron generated in-situ from ZVI and the reduction of ferric iron by ZVI can avoid the accumulation of excess ferrous iron and reduce the precipitation of iron hydroxides during the reaction. Recently, ZVI actived Advanced Fenton Process or persulfate oxidation has been proved to be effective for the degradation of azo dye, trichloroethylene, 4-chlorophenol and other organic pollutants (Liang & Lai ; Devi et al. ; Zhao et al. ) . However, to our knowledge, little research into the decolorization of anthraquinone dyes by persulfate/ZVI have been reported.
In this study, we investigated the oxidation capacity of the ZVI-activated persulfate for the decolorization of an anthraquinone dye Reactive Blue 19 (RB19). The effects of some operational parameters such as initial solution pH, initial concentration of RB19, ZVI and persulfate, and reaction temperature were studied. In addition, considering the characteristic of real dye wastewaters, the effects of some common anions including Cl À , NO 
Experimental procedures
Batch experiments were conducted in 300 mL conical flasks containing 250 mL solution with 0.3 mM RB19 and 10 mM Na 2 S 2 O 8 . The initial pH value was adjusted to 7.0 by H 2 SO 4 or NaOH. After 0.2 g ZVI was added, the conical flask was capped with a rubber plug and agitated in an isothermal shaker (30 ± 1 W C). All experiments were conducted in the dark to avoid photochemical process. At regular intervals, a sample solution was withdrawn by a glass syringe and then filtered with 0.45 μm membrane, followed by immediate analysis. Each experiment was run in duplicate, and an average value was shown in this study. Batch tests were conducted on the basis of the above benchmark experiment to evaluate the effects of initial pH, RB19 concentration, iron dosage, persulfate concentration, temperature and some common dissolved anions on RB19 decolorization.
Analytical methods
The concentration of RB19 was determined by UV-visible spectrophotometry (Shimazu 2450) at a maximum absorption wavelength of 592 nm. The decolorization efficiency of RB19 was determined by the following expression:
where C 0 is the initial concentration of RB19, and C t is the concentration of RB19 at reaction time. Total organic carbon (TOC) concentration was measured by a TOC analyzer (Shimadzu TOC-5000) to evaluate the mineralization of RB19. The pH values were monitored by a pH meter (PHS-3C, Sanxin, China).
RESULTS AND DISCUSSION

Comparison experiments
The decolorization tests of RB19 were carried out by ZVI, persulfate and a combination of ZVI and persulfate, respectively. As shown in Figure 1 , only 12% color of RB19 in the solution was removed after 90 min reaction in the ZVI system, which was possibly due to the adsorption and reduction of RB19 on ZVI surface. About 28% decrease in dye concentration was observed after 90 min in the persulfate system. However, in the ZVI/persulfate system, 98.5% of the color in the solution can be removed in 90 min because of the generation of sulfate radicals as a result of interaction of the persulfate with the ferrous iron.
Effect of initial solution pH
The effect of initial solution pH on the decolorization of RB19 was studied over a pH range of 3.0-9.0 [ Figure 2 (a)]. When initial pH value decreased from 9.0 to 3.0, the RB19 decolorization rate increased from 32 to 99% within 30 min. It is apparent that the decolorization of RB19 was highly pH-dependent. It is an acid driven process because of the highest efficiency at pH 3. This can be explained that in acid condition, the corrosion of iron was promoted, and consequently more ferrous ion was released during this process. But in neutral or alkaline pH, iron corrosion was inhibited, so fewer ferrous ions were generated. It is even worse in alkaline condition, the iron species might precipitate to form iron hydroxide (Fe(OH) 3 ) or hydrous ferric oxide (Fe 2 O 3 •nH 2 O) (Liang et al. ) . These iron precipitates have low efficiency to activate persulfate to produce sulfate radicals. Since 99% color of RB19 solution was removed at pH 7.0 in 90 min, the initial solution pH 7.0 was selected for further experiments.
Effects of initial RB19, ZVI and persulfate concentration
The effect of initial RB19 concentration on its decolorization rate was investigated from 0.1 mM to 0.6 mM. Figure 2 (b) reveals that the RB19 decolorization rate declined with an increase of initial RB19 concentration. It took 45 min to degrade nearly all the RB19 for 0.1 mM of initial concentration, while the decolorization rate decreased to 88% for 0.6 mM of initial concentration in 90 min. It was likely because the RB19 molecules in excess might cover the iron surface and active sites for persulfate were occupied, so the decolorization reaction was retarded.
As shown in Figure 2( 
Since increasing ZVI dosage over 0.8 g L À1 did not significantly improve the decolorization rate, 0.8 g L À1 of ZVI was selected as the optimum dosage. Figure 2 (d) depicts the effect of initial persulfate concentration on the decolorization efficiency of RB19. When initial persulfate concentration increased from 10 to 20 mM, the decolorization rate of RB19 increased from 57 to 75% within 30 min. But when persulfate concentration exceeded 20 mM, the decolorization efficiency decreased slightly. It was likely due to that the sulfate radicals were consumed through some other mechanisms at a higher concentration of persulfate as follows (De Laat & Le ):
Effect of reaction temperature
The effect of temperature on the RB19 decolorization by ZVI/persulfate is shown in Figure 2 (e). Control experiments were also conducted to investigate the effect of temperature 
on RB19 decolorization by persulfate without ZVI since heating can also activate persulfate to form sulfate radicals (Huang et al. ; Oh et al. ) . The result showed that the RB19 decolorization rate increased from 16 to 39% in 90 min when reaction temperature increased from 20 to 35 W C (data not shown). However, in the ZVI/persulfate system, as shown in Figure 2 (e), the color removal rate was measured to be 57% at 20 W C, while 100% decolorization of RB19 was achieved at 35 W C in 90 min. It could be concluded that higher temperature accelerated the formation of sulfate radicals. In addition, the temperature of dye wastewater effluents is often around 40 W C, so the ZVI/persulfate process was suitable to treat dye wastewater owing to its efficient decolorization and energy conservation. Kinetics study indicated that ZVI/persulfate decolorization is a pseudo-first-order reaction, which can be expressed as follows:
where C t is the concentration of RB19 during the reaction; C 0 is the initial concentration of RB19; k is the observed rate constant of pseudo-first-order reaction. The observed rate constants of the pseudo-first-order reaction at different temperatures (20, 25, 30 and 35 W C) were determined as 0.0094, 0.0199, 0.0464, and 0.0622 min À1 , respectively.
Based on k at different temperatures, the activation energy of the reaction can be obtained according to Arrhenius equation:
where E a is the activation energy (kJ mol À1 ); R is the gas constant (0.008314 kJ mol À1 K
À1
; T is the absolute temperature (K); and A is a frequency factor (mg L À1 h À1 ). It could be observed that there is a strong linear relationship between ln k and 1/T [ Figure 2 (e)]. The activation energy was calculated to be 98 kJ mol À1 , which was a moderate value since ordinary thermal reaction energy is between 60 and 250 kJ mol À1 (Chen & Zhu ).
Effects of common dissolved anions
Inorganic anions such as chloride, bicarbonate, nitrate and phosphate often existed in dye wastewaters since various salts were needed in dyeing process (Xu & Li ) . The impacts of the above anions and anionic concentrations on the RB19 decolorization by the ZVI/persulfate process were studied. The corresponding observed rate constants are shown in Table 1 . In the presence of the above anions (10 mM), the RB19 decolorization was inhibited and the inhibition increased in following order: Cl À < NO 3 À < H 2 PO 4 À < HCO 3 À . It is obvious that the RB19 decolorization decreased in the presence of the above anions since they could serve as sulfate radical scavengers or disturb the reaction due to the electronic interference caused by high ionic concentration (Huang et al. ) . Furthermore, differences in the experimental conditions might lead to a different order, Xu & Li () reported that the inhibition of an azo dye Orange G degradation by Fe 2þ /persulfate was found to increase in the order
UV-visible spectra and TOC removal Figure 3 displays the change in the UV-visible spectrum for the decolorization of RB19 at different reaction times. The absorption peaks at 592 nm was the characteristic peak position of chromophore structures of RB19 (Fanchiang & Tseng a) . Obviously, this peak disappeared at a reaction time of 45 min. Meanwhile, absorbance in ultraviolet region became stronger. It implied that the chromophore structures of dye molecule were damaged, but some intermediates and byproducts were produced within 45 min and they did not disappear. In addition, only 54% of TOC was removed in this experiment. Thus ZVI/persulfate process was beneficial for RB19 decolorization, but complete mineralization of RB19 was not achieved in 90 min by ZVI/persulfate process. 
